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Abstract
The characteristics of molecular electronic devices are critically determined by metal-organic
interfaces, which influence the arrangement of the orbital levels that participate in charge transport.
Studies on self-assembled monolayers (SAMs) show (molecule-dependent) level shifts as well as
transport-gap renormalization, suggesting that polarization effects in the metal substrate play a
key role in the level alignment with respect to the metal’s Fermi energy. Here, we provide direct
evidence for an electrode-induced gap renormalization in single-molecule junctions. We study
charge transport in single porphyrin-type molecules using electrically gateable break junctions.
In this set-up, the position of the occupied and unoccupied levels can be followed in situ and
with simultaneous mechanical control. When increasing the electrode separation, we observe a
substantial increase in the transport gap with level shifts as high as several hundreds of meV
for displacements of a few A˚ngstroms. Analysis of this large and tunable gap renormalization
with image-charge calculations based on atomic charges obtained from density functional theory
confirms and clarifies the dominant role of image-charge effects in single-molecule junctions.
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In self-assembled monolayers (SAMs), the influence of the molecule-metal interface on the
alignment of the molecular orbital level with respect to the Fermi energy of the substrate has
been extensively studied with UV and X-ray photo-emission spectroscopy (UPS and XPS)1–4,
Kelvin probe measurements5,6, and scanning tunneling spectroscopy7. Such measurements
have indicated the formation of an interfacial dipole that is associated with substantial work-
function shifts1–5,7, which affect all molecular orbitals in a similar way. Several mechanisms
causing this interfacial dipole have been identified. In physisorbed systems the compression
of the tail of the electron density outside the metal (“pillow” or “push-back” effect) plays
an important role, while for chemisorbed systems charge transfer causes, in addition, a
surface dipole to be formed near the metal-molecule interface1,3,8,9. Additionally, straining
the molecular junction may shift the orbital levels10; upon stretching or compression of the
molecular junction, the shifts of the occupied and unoccupied level were found to be nearly
uniform for the frontier orbitals11. Finally, the interaction of the (almost) neutral molecule
with its own image-charge distribution at zero bias may also lead to a uniform level shift.
This effect is present in both physisorbed and chemisorbed systems.
In contrast to the previously mentioned effects, UPS experiments probing the ionization
and electron addition energies for decreasing layer thicknesses12 have shown that the occupied
levels move up and the unoccupied ones down in energy, – this is called ‘gap renormalization’.
Transport gap renormalization has also been observed in single-molecule devices13,14 and
is commonly explained by the formation of image charges in the metal upon addition or
removal of electrons from the molecule15–17. This effect occurs repeatedly when a current is
passing through it and is particularly apparent in molecules that are weakly coupled to the
electrodes.
When varying the electrode separation, the molecular orbital levels are therefore subject
to a uniform shift, combined with gap renormalization. Hence, distinguishing the dominant
trend in single-molecule junctions requires the combination of an adjustable electrode sepa-
ration with an electrostatic gate. Although mechanical control over molecular conductance
has been reported in various studies7,10,18–23, in only very few reports it has been combined
with an electrostatic gate18,19. In particular, systematic studies based on explicit monitoring
of the dependence of occupied and unoccupied orbital levels on molecule-electrode distance
are lacking.
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FIG. 1. Illustration of the experiments. (a) Structural formula of ZnTPPdT (b) Lay-out of
the mechanically controllable break (MCBJ) junction set-up (c) Colorized SEM image of a three-
terminal MCBJ device. The gate is made of aluminum and covered with an plasma-enhanced
native aluminum oxide layer. The gold electrodes are deposited on top of the gate dielectric (d)
Colorized SEM image of a two-terminal MCBJ.
Curent-voltage characteristics
We have investigated the influence of the metal electrodes on the energy levels in single-
molecule junctions using two- and three-terminal mechanically controllable break junctions
(MCBJs) in vacuum at 6 K. This architecture (shown in Fig. 1b) allows the distance between
the electrodes to be tuned with picometer precision by bending the flexible substrate sup-
porting partially suspended electrodes24–30. In three-terminal MCBJ devices an additional
gate electrode allows electrostatic tuning of the energy levels of the molecular junction19.
The molecules in this study were thiolated porphyrins, which offer great architectural flex-
ibility and rich optical properties. The thiol-terminated Zn-porphyrin molecules [Zn(5,15-
di(p-thiolphenyl)-10,20-di(p-tolyl)porphyrin)], abbreviated as ZnTPPdT and shown in Fig.
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1a, were dissolved in dichloromethane (DCM, 0.1 mM) and deposited on the unbroken elec-
trodes using self-assembly from solution. The electrodes were then broken in vacuum at
room temperature, cooled down and current-voltage I-V characteristics were recorded as a
function of electrode spacing. All measurements were performed at 6K. Details concerning
these “systematic I-V series” and other experimental procedures (synthesis of the molecules,
measurement setup, etc.) are provided in the Supplementary Information.
In Fig. 2a we present typical I-V characteristics of a two-terminal MCBJ (sample A) that
has been exposed to a solution of ZnTPPdT. We start monitoring the junction-breaking
or fusing process at some electrode separation which we call d0. All characteristics show
very low current around zero bias, indicating that transport occurs in the weak-coupling
(Coulomb-blockade) regime. Steps at higher bias mark the transition to sequential tunneling
transport31. In the differential conductance, dI/dV, these steps are visible as peaks (see
Fig. 2b). The peak location identifies the position of the molecular orbital level with respect
to the Fermi energy of the electrodes. We will refer to these peaks as resonances from now
on. Fig. 2a,b show that with decreasing inter-electrode distance, the spacing between the
resonances is strongly reduced.
We have studied eight different junctions, which all displayed similar mechanically tun-
able resonances in dI/dV. Devices exposed to pure solvent, in contrast, showed featureless
characteristics, typical of vacuum tunneling through a single barrier (see Fig. 2c, 2d). As the
inter-electrode distance is reduced, the maximum current in these clean junctions increases
smoothly, as a result of the decreasing tunneling barrier width.
To visualize the systematic evolution of the resonance position for hundreds of dI/dV
curves, we have plotted a two-dimensional map of consecutive I-V measurements in Fig. 2e,
where the gradual shift of the resonances becomes even more apparent. Due to the stability
of the electrodes and the fine control over their spacing32,33, the energy levels can be shifted
over several hundreds of meV by purely mechanical means.
In the following, we will refer to these shifts as mechanical gating and quantify them in
terms of an efficiency factor, the mechanical gate coupling (MGC). The MGC is expressed
in V/nm and defined as the ratio between the shift of each resonance and the electrode
displacement required to achieve this shift. From Fig. 2e, for example, we find a MGC of
about 1 V/nm, with a slight asymmetry for positive and negative bias which may be caused
by differences in capacitive coupling to the two electrodes. The reverse process (opening the
4
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FIG. 2. Mechanical gating of charge transport in ZnTPPdT junctions. (a) Current-voltage
characteristics and (b) differential conductance for MCBJ devices which have been exposed to a
solution of ZnTPPdT. In (c) and (d) the same quantities are plotted for junctions exposed to the
pure solvent (DCM). (e,f) Two-dimensional visualization of dI/dV for ZnTPPdT as a function of
bias voltage and electrode displacement (e) while fusing sample A and (f) for three making/breaking
cycles of a different device (sample B). A clear dependence of the Coulomb gap on the electrode
spacing is visible. The differential conductance has been normalized and the estimated electrode
displacement is relative to d0, the initial electrode separation.
junction) leads to a widening of the Coulomb gap, as illustrated in Fig. 2f, where several
consecutive opening and closing cycles are shown for a different sample. The figure clearly
shows that the resonances shift consistently and with similar magnitudes, demonstrating
the robustness of the effect and the stability of the setup.
While recording systematic I-V series, we occasionally observe a very weak dependence
of the resonance positions on the electrode separation, and conversely, occasionally ob-
serve MGC’s as large as 1.5 V/nm (see Supplementary Information for the statistics of the
MGC’s). This is probably due to a rearrangement of the molecule inside the junction32,34.
Alongside gradual changes in the position of the resonances, the plots in Fig. 2e,f display
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sudden irreversible jumps in the dI/dV ’s. These differences and variations could be caused
by atomic-scale changes in the geometry of the molecular junction. Evidence of similar rear-
rangements has also been obtained during room-temperature conductance measurements on
porphyrin molecules34. Throughout all the samples, however, the trends remain the same;
reducing the electrode distance brings the resonances closer together, whereas increasing
the distance moves them further apart.
Gate diagrams
To obtain additional information about the origin of the shifts of the molecular or-
bital levels involved in charge transport, we employed electrically gated mechanical break
junctions19. The electrostatic gate in these devices controls the potential on the molecule
and lowers/raises all molecular orbital levels for positive/negative gate voltage31, as shown
in Fig. 3c. Keeping the electrode spacing fixed, we measure the current as a function of both
the bias- and gate voltage and plot dI/dV as a two-dimensional map; in this paper we will
refer to such a plot as a gate diagram.
In such a gate diagram the resonances associated with an occupied level move away from
the Fermi level with increasing gate voltage. An unoccupied level, on the other hand, moves
closer to the Fermi level and thus displays the opposite trend. This allows us to identify the
resonance in Fig. 3a as the HOMO, whereas Fig. 3b shows an unoccupied level (this is not
the LUMO of the gas phase molecule, see below). The HOMO level position depends on the
gate voltage with an electrostatic gate coupling (EGC) of about 15 mV V−1; for the unoccu-
pied level, we find an EGC of about 25 mV V−1. Fig. 4a–b shows the mechanical gate plots
recorded immediately after the measurements shown in Fig. 3b and Fig. 3a, respectively.
Both the occupied and unoccupied levels move away from the Fermi level while we increase
the distance between the electrodes (MGC = 0.40 V/nm for the occupied and 0.18 V/nm
for the unoccupied level). This implies a widening of the gap and means that the mechanism
behind the shifts cannot be a rigid change in the work function only, but must also include a
transport-gap renormalization. It is the combination of electrostatic and mechanical gating
which leads us to this conclusion, and in the following we will demonstrate using density
functional theory (DFT) based calculations that this gap renormalization is caused by the
formation of image charges upon charge addition to/removal from the molecule.
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FIG. 3. Level shifts by electrostatic gating. (a,b) Gate diagrams recorded on sample C for
different junction configurations and during different breaking events. Color-coded dI/dV plotted
versus gate- and bias voltage. The slope of the lines allows us to attribute resonances in (a) to an
occupied level (HOMO-like, located approx at 0.3eV for zero gate voltage) and those in (b) to an
unoccupied level (LUMO-like, located approx at 0.75eV for zero gate voltage). (c) The effect of
a rigid shift of the levels under electrostatic gating by a potential Vg applied to a gate electrode
below the junction for an occupied and unoccupied level. Here, β is the electrostatic gate coupling,
φm the metal work function, ∆ the shift of the potential VS outside the surface due to the presence
of the molecule, and F the Fermi energy of the metal. occ, unocc and 
′
occ, 
′
unocc are the occupied
and unoccupied levels for Vg = 0 and Vg 6= 0, respectively.
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FIG. 4. Level shifts by mechanical gating. (a,b) Systematic I-V series of sample C, recorded
right after Fig. 3 a and b, respectively. (a) HOMO-like (located approx at 0.3eV for zero dis-
placement) and (b) LUMO-like level (located approx at 0.75eV for zero displacement) both move
away from the Fermi energy for increasing electrode spacing. (c) The shift of the occupied and
unoccupied molecular orbital levels with the distance to the metal. The effects contained in ∆
shift all levels in the same direction, while image-charge effects are responsible for occupied and
unoccupied levels moving closer to the Fermi energy of the metal (gap renormalization). Again, φm
represents the metal work function, ∆ the interfacial dipole, V∞ the potential at infinity, VS the
potential at the surface and F the Fermi energy. occ, unocc and 
′
occ, 
′
unocc are now the occupied
and unoccupied levels of the molecule in gas phase and at the interface, respectively.
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DFT calculations
We now turn to the theoretical analysis of the experimentally observed phenomena. Us-
ing a quantum chemistry approach35 we study the electronic structure of the molecules in
gas phase and sandwiched between gold atoms in the junctions, as well as their transport
properties (see supplementary information for details). In agreement with the literature, our
calculations predict a chemisorbed system36–38 with ZnTPPdT acting as acceptor, and the
hollow site as the most stable configuration. Fig. 5 shows the computed zero-bias transmis-
sion of the single-molecule junction. We find that the low-bias transport is dominated by
the HOMO and HOMO-2 states of the molecule coupled to gold atoms (illustrated in Fig
5a), visible as peaks in the transmission near the Fermi level.
We also observe that the resonances which correspond to the gas-phase LUMO and
LUMO+1 levels are located far above the Fermi level of the leads (although the precise loca-
tion of these resonances cannot accurately be predicted within DFT). Being more strongly
localized at the center of the molecule than the better-hybridizing HOMO-like orbitals, they
are expected to have poor conductance properties, and as a consequence are characterized by
very narrow peaks in the calculations. A few additional peaks occur slightly above the Fermi
energy, and inspection of these states reveals that they have no direct gas-phase counterpart.
They are new states, which essentially consist of those parts of the gas-phase HOMO and
LUMO that are located on the arms of the molecule and stabilized by the presence of the
interface. Forcing an extra electron onto the molecule by applying a positive gate voltage
indeed shows that charge is added to these levels, rather than to a LUMO state.
As discussed above, there is a correction ∆ to the background potential which represents
a work function shift, as illustrated in Fig. 4c. This shift is usually treated empirically, and
is typically negative on Au surfaces. Experiments have reported shifts in the range -0.5
to -1 eV for H2TPP and ZnTPP films
1,8, without the presence of the thiols in ZnTPPdT.
This corrections is, in principle, distance dependent, and leads to a uniform shift of the
occupied and unoccupied levels. This is in contrast with the experimentally observed gap
renormalization, indicating that, although this effect may, to some extent, be present, it is
not the dominant mechanism responsible for the large level shifts.
Image-charge effects, including their contribution to gap renormalization, can, in prin-
ciple, be assessed by performing GW calculations16,39,40, which allow for the determination
of the ionization potentials and electron addition energies. However, such calculations are
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infeasible for the large molecules of this study. Instead, we calculate image-charge effects
using classical electrostatics based on the atomic charges on the molecule obtained from
DFT. In the region where the transport is blocked (corresponding to zero bias and gate)
the molecule is approximately, but not exactly, neutral. We call this the ‘reference state’.
The combination of the negatively charged thiols with the positive core of the molecule in
the reference state can lead to a contribution of the image charges effect to the uniform
shift. This contribution either moves the levels up or down, depending on the exact charge
distribution in the junction. To include gap renormalization, one also has to consider the
different charged states of the molecule. To access the different charge states in the junction,
we added or removed one electron from the molecule by applying a local gate field, in the
spirit of a ∆− SCF method (see supplementary information for details). The image-charge
effect corrections are calculated for the different charge states by summing the electrostatic
interactions of the atomic charges between two parallel plates with all image charges. The
position of the image plane is taken to be 1.0 ± 0.25 A˚ outside the metal surface, as is
usually done in the literature41–43. For comparison with experiment, the distance between
the electrodes has been varied.
The calculated shifts, illustrated in Fig. 5c, predict an image-charge contribution to
the MGC’s in the range of 1.1–2.8 V/nm for an occupied level, and 0.4–2.1 V/nm for
an unoccupied level depending on electrode separation. The different molecular orbital
levels (shown in Fig. 5a) thus experience different image charge effects, as observed in the
experiments, although the calculated MGC’s are larger than the experimental ones. This
can be due to the sharp contacts in the MCBJ experiment, which imply a smaller image-
charge effect than the large parallel-plate contacts used in the calculation. We modeled the
reduction of the image-charge effect with finite contacts, finding it to be roughly a factor
of 1.5− 2 (see Supplementary Information), bringing the calculations into better agreement
with the experimental shifts. To investigate the sensitivity to the orientation of ZnTPPdT
in the junction, we have also rotated the molecule in the calculations and found that the
shifts remain essentially the same for angles within 45◦.
To assess the contribution to the molecular orbital level shifts originating from struc-
tural deformation of the molecule, we performed DFT calculations for increasing gold-gold
distance while letting the molecule relax between the contacts. We found that the energy
shifts of the occupied and unoccupied level are at most of the order of 50-60 meV, and more
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importantly, do not lead to transport-gap renormalization, but rather cause an uniform, up-
ward shift. In addition, the HOMO is predicted to move up for increasing electrode-spacing,
while the experiments show the opposite trend.
We conclude that image-charge effects can largely explain the experimentally observed
distance dependence of the position of the molecular orbital levels with respect to the Fermi
level of the contacts. Our calculations further reveal that the contributions to the im-
age charge effect of the charge distribution in the reference state contributes substantially
(roughly half as much as the gap renormalization) to the MGC of the molecular orbital
levels.
The time needed for forming image charges is associated with the plasma frequency of
the metallic contacts, corresponding to an energy of a few eV. This is short enough to be
relevant even in co-tunneling processes. In recent years, several attempts have been made to
capture the image charge-induced gap renormalization using either single point charges42,44
or atomic charge distributions15,43,45, based on DFT results for gas-phase molecules. In the
present system, however, it seems that the states used for electron transport are defined
by the presence of the contacts. Therefore, taking the atomic charge distributions for the
different charge states inside the junctions is the appropriate starting point for calculating
image-charge effects.
Conclusion
In summary, we have studied the influence of the electrode separation on the molecular
orbital levels in porphyrin single-molecule junctions using electrostatically-gated MCBJ de-
vices. Using this method we demonstrate experimentally a combined effect of mechanical
and electrostatic gating of the molecular levels. We find that both occupied and unoccupied
levels move significantly towards the Fermi level upon reduction of the electrode spacing.
We attribute this dominantly to gap renormalization as a result of electron interaction with
image charges in the metal leads. Our findings are corroborated by DFT-based calculations.
The experiments show surprisingly large level shifts, suggesting that image-charge effects
may be responsible for the large spread in conductance values that is often observed in
single molecule junctions. These effects should therefore be considered in quantitative com-
parisons between computations and experiment in single-molecule junctions. At present,
calculations for molecular devices result at best in the prediction of trends, or they shed
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Image-Plane Distance
HOMO
HOMO-2
LUMO+1
LUMO
Gap Type I Gap Type II
a)
b) c)
FIG. 5. Transport calculation and image-charge model. (a) Zero-bias transmission and molecular
orbital levels of ZnTPPdT coupled to Au, from DFT and DFT+NEGF calculations, respectively. The Fermi
energies are with respect to the Fermi energy of the metal electrodes, marked by the vertical black line.
ZnTPPdT is located at 2.59 A˚ from each lead, with hollow-site binding. (b) Image-charge model geometry,
with the image plane located 1 A˚ outside the first atomic layer (uncertainty bands derived from a 0.25 A˚
deviation). (c) Shifts predicted by the image-charge model (with uncertainties) showing the occupied- and
unoccupied-levels both shifting towards f for decreasing electrode separation with MGC’s in the range of
0.4–2.8 V/nm, assuming a symmetrically applied bias. These values may be significantly reduced for realistic
electrode geometries.
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light on the possible transport mechanisms. Improvements in geometric and electrostatic
control may bring quantitative agreement between the two closer. We have demonstrated
that capturing the image-charge effects is a crucial step in this development. From a differ-
ent perspective, the observed effects may be exploited to mechanically gate single molecules
and thereby tune the alignment of the orbital levels with respect to the Fermi level.
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